We describe a competitive binding assay for the analysis of single-base mutation by using abasic site (AP site)-specific binding fluorescent ligands and masking ligands bound to the AP site in DNA duplexes. 2-Amino-5,6,7-trimethyl-1,8-naphthyridine (ATMND) can strongly bind to not only cytosine (C), but also thymine (T) opposite an AP site in the DNA duplexes (K11/10 7 M -1 : C, 15; T, 7.0). By contrast, in the presence of lumichrome (Lch) as a masking ligand, ATMND shows a clear binding selectivity for C over T (K11/10 7 M -1 : C, 7.0; T, 0.57), which is ascribed to the effective masking effect of Lch to the ATMND-T interaction in the AP site-containing DNA duplexes. It was shown that the competitive binding of ATMND and Lch to the AP site allowed the highly selective detection of C-related single-base mutation in DNAs amplified by polymerase chain reaction.
Introduction
Small molecules, i.e., ligands that can bind to DNA duplexes, have been paid much attention because of their promise for various applications due to their functionalities, such as the regulation of gene expression. 1, 2 These ligands have also been utilized as staining agents for DNA duplexes, 3, 4 with ethidium bromide and Hoechst 33258 being typical examples. Among these ligands, particular efforts have recently been devoted to develop the site-selective binding ligands that can recognize the intrahelical nucleobases in DNA duplexes. 5, 6 One approach to design this class of ligands is based on hydrogen bonding-mediated recognition of the target nucleobases. [7] [8] [9] Another is molecular shape-complementarity for the defined binding site in DNA duplexes. [10] [11] [12] It has been demonstrated that these ligands are effective tools for gene diagnostics and therapy [7] [8] [9] [10] [11] [12] as well as various DNA-based technology. 13, 14 In this direction, we have developed a series of abasic site (apyrimidinic or apurinic; AP site)-specific binding ligands with fluorescence signaling. [15] [16] [17] [18] [19] [20] [21] [22] These ligands can strongly and selectively bind to the target nucleobase opposite an AP site by pseudo-base pairing through hydrogen bonding. The binding events are further promoted by stacking interactions with the nucleobases flanking the AP site.
The binding-induced fluorescence responses of ligands can be applicable to the genotyping of single-nucleotide polymorphisms (SNPs) as well as the AP site-specific staining in aptamers [23] [24] [25] [26] and molecular beacon systems. 27 Among these ligands, 2-amino-5,6,7-trimethyl-1,8-naphthyridine (ATMND; Fig. 1A ) is the promising cytosine (C)-selective candidate for SNPs typing, because of its strong binding affinity (the dissociation constant Kd = 53 nM at 20 C, I = 110 mM, pH 7.0). 15 C-selectivity of ATMND is rationalized by protonation at the N1 position in the naphthyridine ring to produce a hydrogen-bonding surface fully complementary to that of C (Fig. 1B) . In addition, the fluorescence quantum yield (ffl) of ATMND is high (ffl = 0.54), 28 which is advantageous to obtain clear fluorescence signaling from ATMND. However, ATMND can also strongly bind to thymine (T) opposite the AP site (Kd = 111 nM), via three-point hydrogen bonding due to its feasibility of protonation at the N8 position (Fig. 1B) . Thus, the difference in the binding affinity of ATMND for C over T is moderate, which is clearly insufficient for C/T discrimination.
In this study, we report on a competitive binding assay using a masking ligand for improving the C-selectivity of ATMND for the analysis of the C-related single-base mutation (Fig. 1A) . Here, lumichrome (Lch; Fig. 1A ) is utilized as a masking ligand due to its strong and selective binding for T in the AP site-containing DNA duplexes ( Fig. 1C ; Kd = 62 nM at 5 C, I = 110 mM, pH 7.0). 29, 30 In addition, Lch shows fluorescence emission with a maximum at 475 nm that is separated from the emission of ATMND (λem = 405 nm), and shows low fluorescence quatum yield (ffl = 0.088). 31 It is thus expected that Lch effectively inhibits ATMND binding to T without interfering with the binding of ATMND to C. Actually, fluorescence signaling of ATMND is less influenced in the presence of Lch. Enhanced base-discrimination efficiency based on competitive binding of ATMND and Lch at the AP site was discussed as a simple and effective approach to develop AP site-binding ligand-based gene analysis suitable for the practical use. Moreover, we demonstrated that the present assay could be extended to improve the adenine (A)-selectivity of alloxazine 29, 30 in combination with T-selective lumiflavin 32 which serves as a masking ligand.
Experimental

Reagents and chemicals
All of the DNA samples were custom synthesized and HPLC purified (>97%) by Nihon Gene Research Laboratories Inc. (Sendai, Japan). The concentrations of DNAs were determined from the molar extinction coefficient at 260 nm according to the literature. 33 Water was deionized (≥18.0 MΩ cm specific resistance) by an Elix 5 UV Water Purification System and a Milli-Q Synthesis A10 system (Millipore Corp., Bedford, MA). Other reagents were commercially available analytical grade, and were used without further purification.
Unless otherwise stated, all measurements were performed in 10 mM sodium cacodylate buffer solutions (pH 7.0) containing 100 mM NaCl and 1.0 mM EDTA. Before measurements, the sample solutions were annealed as follows: heated at 75 C for 10 min, and gradually cooled to 5 C (3 C/min), after which the solution temperature was raised again to 20 C (1 C/min).
Fluorescence measurements
All fluorescence measurements were carried out using a JASCO Model FP-6500 spectrofluorophotometer equipped with a thermoelectrically temperature-controlled cell holder (Japan Spectroscopic Co. Ltd., Tokyo, Japan). It was previously found that the binding affinity of pterin with G opposite an AP site increased more than 10 times at 5 C compared to 20 C. 18 Accordingly, fluorescence measurements were carried out at 5 C using a 3 × 3 mm quartz cell. In the competitive binding assay with the masking ligands, fluorescence spectra of the ligands were obtained by subtracting the fluorescence spectra of the masking ligands measured under the identical measurement conditions. Quenching efficiency (QE, %) was calculated by (F0 -F)/F × 100, where F and F0 denote the fluorescence intensities of a ligand in the presence and absence of DNA duplexes, respectively.
Preparation and analysis of PCR products
Asymmetric polymerase chain reaction (PCR) was carried out as described in our previous study. 15 After PCR amplification, an aliquot (40 μl) from the PCR product was buffered to pH 7.0 with 100 mM sodium cacodylate containing EDTA (1.6 mM). Then, ATMND, Lch and a 20-mer AP site-containing DNA probe (2.0 μM) 15 were added. Fluorescence spectra of the resulting solutions (50 μL) were then measured at 5 C with a JASCO FP-6500 spectrofluorophotometer equipped with a thermoelectrically temperature-controlled cell holder.
Results and Discussion
First, we examined the effect of Lch as a masking ligand on the fluorescence responses of ATMND (50 nM) to target nucleobases in 23-mer AP site-containing DNA duplexes (50 nM, 5′-TCT GCG TCC AGX GCA ACG CAC AC-3′/3′-AGA CGC AGG TCN CGT TGC GTG TG-3′: X = AP site, Spacer C3; N = target nucleobases, G, C, A, or T), as measured at 5 C in solutions buffered to pH 7.0 containing 100 mM NaCl and 1.0 mM EDTA. In the absence of Lch, ATMND shows the fluorescence quenching responses to the AP site-containing DNA duplexes and the response strongly depends on the target nucleobase opposite the AP site ( Fig. 2A) . ATMND exhibits the significant response to C while almost no responses are observed for G and A. However, the fluorescence quenching of ATMND is also large for T. Indeed, the QE of ATMND for C (QE = 71%) was almost comparable with that for T (QE = 56%). By contrast, as shown in Fig. 2B , the addition of 1.0 μM Lch as the masking ligand results in the significant reduction of QE of ATMND for T (QE = 27%), which can be ascribed to the effective blocking of Lch for the ATMND binding to T opposite the AP site in the DNA duplexes. On the other hand, it is found that Lch shows more moderate masking effect for ATMND binding to C (QE = 61%) than that to T. Similarly, the responses to G and A are unaffected. The observed masking effect of Lch for the ATMND-T interactions is consistent with the fact that Lch shows the strong and selective binding to T in the same AP sitecontaining DNA duplexes as examined here (Fig. S1 , Supporting Information). 29, 30 These results indicate that the competitive binding with Lch is effective to improve the C-selectivity of ATMND over T.
We further assessed the masking effect of Lch on the selectivity of ATMND, for which the fluorescence response of ATMND to target nucleobases was examined in the presence of different concentrations of Lch, as ranged from 0 to 5.0 μM (Fig. S2 , Supporting Information). It is clearly seen that QE for T significantly decreases with increasing the concentration of Lch, indicating that Lch does prevent the ATMND binding to T at the AP site. On the other hand, the decrease in QE for C is relatively small due to the low masking effect of Lch for the ATMND-C interaction. The largest difference in QE between C and T was obtained in the presence of 2.5 μM Lch. Therefore, the following experiment was carried out in the presence of 2.5 μM Lch.
The binding affinity of ATMND for the target nucleobases in the competitive binding with 2.5 μM Lch was examined by the fluorescence titration experiments. The fluorescence responses of ATMND is found to be concentration-dependent and the resulting titration curves are well analyzed by a 1:1 binding isotherm, 34 even in the presence of Lch (Fig. 3) . In the absence of Lch, ATMND exhibits the strong binding affinity for both C and T opposite an AP site in the DNA duplexes whereas the binding for G and A is negligible (Fig. 3A) . The binding constants (K11) for C and T were determined to be 1.5(±0.2)× 10 8 and 7.0(±0.6)× 10 7 M -1 (n = 3), where the difference in the binding constants for C over T is only 2-fold. By contrast, in the presence of Lch, ATMND shows a clear selectivity for C over T (Fig. 3B) . Significantly, the K11 value for T is found to decrease by 12-fold due to the effective masking effect of Lch (K11 = 5.7(±0.2)× 10 6 M -1 , n = 3) whereas the decrease in the binding affinity for C is relatively moderate (K11 = 7.0(±0.1)× 10 7 M -1 , n = 3). This is due to the strong binding affinity of Lch for T comparable to that of ATMND, which is responsible for the effective masking effect of Lch for ATMND-T interaction. On the other hand, the moderate masking effect for C arises from much lower affinity of Lch than ATMND. Accordingly, the difference in the binding affinity of ATMND for C over T reaches 12-fold in the competitive binding with Lch. These results show the improvement in the binding selectivity of ATMND for C over T by the competitive binding with Lch.
Finally, competitive binding assays with Lch were applied to the analysis of C-related single-base mutation in 107-mer DNAs (K-ras gene, codon 12, antisense strand) 35 amplified by asymmetric PCR. The comparison of the fluorescence response of ATMND in the absence and presence of Lch reveals the effective masking effect of Lch on the ATMND-T interaction ( Fig. 4) . In the presence of Lch, ATMND shows the significant response for C-containing sequence whereas moderate or almost no responses were observed for T, G, and A-containing sequences. This shows that the competitive binding of ATMND with Lch facilitates the highly selective detection of C-related single-base mutation in the PCR-amplified DNAs.
It should be noted that the present competitive binding assay can be applicable to improve the binding selectivity of various AP site-binding ligands in combination with suitable masking ligands. In our previous report, alloxazine (Fig. 5) 29,30 was found to show the binding selectivity to A opposite the AP site in the DNA duplexes despite the structure similarity to Lch though the reason has not been clearly explained yet; 30 however, the selectivity of alloxazine for A over T was moderate (K11/10 6 M -1 : A, 1.2; T, 0.7; C, 0.2; G, 0.05). 29, 30 Then, the fluorescence response of alloxazine to the aforementioned 23-mer AP site-containing DNA duplexes was examined using lumiflavin ( Fig. 5) 32 as the masking ligand in the competitive binding system, where the well-separated emission wavelength of lumiflavin (λem = 530 nm) 32 compared to alloxazine (λem = 453 nm) is considered to be appropriate although lumiflavin shows the fluorescence to a certain degree (ffl = 0.14). 31 In the absence of lumiflavin, the most significant fluorescence quenching of alloxazine was obtained for A opposite an AP site in the DNA duplexes, but alloxazine also shows the large response to T. In the competitive binding with lumiflavin, the alloxazine binding to T was effectively blocked due to the strong binding of lumiflavin to T opposite the AP site, which results in the decrease in the fluorescence response of alloxazine to T (Fig. 5) . On the other hand, the fluorescence response of alloxazine to A is less influenced even in the presence of lumiflavin. Therefore, the A-selectivity of alloxazine significantly improved by the competitive binding with lumiflavin.
Conclusions
In summary, we reported on a competitive binding assay for improving the binding selectivity of AP site-binding ligands toward the practical application for the analysis of the single-base mutation. The binding selectivity of ATMND for C over T was significantly improved due to the efficient masking effect of Lch. In addition, this assay was extended to improve the A-selectivity of alloxazine in combination with lumiflavin as the masking ligand. As for the masking ligands, it is highly required to show the fluorescence emission profiles so as to avoid interfering with the observation of the fluorescence signaling from the detection ligands such as ATMND and alloxazine. In addition to synthetic efforts to design the novel ligands having the desirable binding abilities, 17 the competitive binding assay described here can be the effective and versatile approach for the development of the AP site-binding ligand-based gene analysis toward the practical use.
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